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Abstract 
In this paper an experimental analysis on laser beam welding process of Ti6Al4V titanium alloy was performed. Butt joints with a thickness of 
2 mm were produced and assessed. A high brightness fiber laser was adopted to carry out the analysis. No filler wire and shaped grooves were 
used. An experimental plan was implemented keeping constant the laser power and varying the welding speed. A proper device was adopted to 
prevent oxidation phenomena that involve Ti at high temperatures reached during the thermal process. The geometric characteristics of the 
welding beads were studied through metallographic inspection of the cross sections. Vickers micro-hardness tests were conducted at the mid 
thickness of the cross sections of the joints and its variation in function of the distance from the welding line was achieved. Two tensile strength 
tests for each welding condition were performed in order to evaluate the mechanical properties of the welds. Results revealed a contained extent 
of the FZ and HAZ in the cross sections. The reduction of mechanical properties of the welds in comparison with those typical of the parent 
metal was about 20%, which is a good result in comparison with other previous research works. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of “9th CIRP ICME Conference". 
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1. INTRODUCTION 
Titanium alloys are strongly used for many applications of 
aeronautic industries because of excellent chemical, thermo-
physical and mechanical properties, such as high ratio 
between mechanical resistance and weight, excellent corrosion 
resistance and good high temperature behavior [1-4]. 
Moreover, thanks to its bio-compatibility, these alloys are 
widely diffused for bio-medical purposes [5]. In the last 
decades joining processes of lightweight alloys were 
investigated in details both in the industries and in the 
academic world. Welding processes of titanium alloys have 
been discussed in previous researches and optimal solutions to 
avoid several drawbacks typical of thermal joining processes 
have been found. In particular laser beam welding is widely 
used in the industries because of its advantages, such as 
versatility, high specific heat input, and small focus spot 
diameter [6, 7, 8]. In the last two decades laser welding has 
received increasing confidence from worldwide 
manufacturers.  
Deep penetration, flexibility, precision, narrow heat 
affected zones are among the most effective features. 
Neverthless, there are still many unresolved issues in this 
field. Huang et al studied the porosity formation mechanism 
[9]. The comparison between different welding techniques 
have been conducted in previous studies [10, 11].  
Akman investigated the influence of the ratio between 
pulse energy and pulse duration on depth penetration of laser 
welded titanium alloy joints. It was shown how the control of 
the power output can influence the geometry of the welding 
bead [12].  
Caiazzo et al. studied the effect of power, speed and 
defocusing on 3 mm thick Ti-6Al-4V plates in square butt 
weld configuration using a disk-laser [13]. 
   t r . li   l i r . . This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by- c- d/4.0/).
Selection and peer-review under responsibility of the International Scientifi c Committee of “9th CIRP ICME Conference”
429 Sabina L. Campanelli et al. /  Procedia CIRP  33 ( 2015 )  428 – 433 
Also the preparation of the sheets before the welding play a 
fundamental role because of the susceptibility of titanium to 
contaminants. P.E. Denney and E.A. Metzbower assessed the 
influence of two different welding techniques on the 
characteristics of welds [14]. Jing Liu et al. assessed the 
influence of the gradient microstructure on fatigue damage 
behavior of laser beam welded Ti6Al4V [15]. A micro-
structural and mechanical characterization of laser welded 
joints in titanium alloy was conducted by many authors. 
Torkamany et al. [16] showed that weld porosity was formed 
in the pulsed laser welded joints of pure Ti. 
Xiao-Long Gao et al. investigated porosity and  
microstructure in pulsed Nd:YAG laser welded Ti6Al4V sheet 
[17]. Lisiecki studied the welding of titanium alloy by 
different types of lasers [18].  Some other authors discussed 
the numerical analysis. For example Akbari et al. [19] studied 
the temperature distribution and melt pool geometry during 
laser welding of a titanium alloy, while Hanbin Du et al. 
simulated the metal flow during the process [20]. Also the 
artificial intelligence was used for the study of the 
microstructure and mechanical properties of titanium welds 
[21, 22].  
In this work laser beam welding process was conducted by 
a fiber laser. Ti6Al4V titanium alloys butt joints with a 
thickness of 2 mm were produced. A proper device was 
designed to prevent the oxidation of the surfaces. Different 
combinations of process parameters were adopted. Bead 
geometry and micro-hardness characterization of samples 
cross section were studied. Two tensile strength tests for each 
welding condition were performed in order to evaluate the 
mechanical properties of the welds. The mechanical properties 
of welds and the parent metal were compared. The fracture 
surfaces were studied by an electronic microscope. 
 
2. Experimental procedure and set-up 
Laser beam welded Ti6Al4V butt joints with a thickness of 
2 [mm] were produced. The chemical, thermo-physical and 
mechanical properties of Ti6Al4V are shown in the tables 1, 2 
and 3 respectively. It consists of a two-phase (α-β) 
commercial titanium alloy in annealed condition. 
The work-pieces were fixed on the support by four clamps. 
Figure 1 shows the fixing system and the geometry of the 
work-pieces. 
An Ytterbium Laser System (IPG YLS-4000) with a 
maximum power output of 4 kW and a wavelength of 1070 
nm was used. The laser beam was delivered via a 200 μm 
diameter fiber. The resulting laser beam spot (d) diameter was 
of 0.4 [mm]. All samples were welded at a constant 
defocusing distance under the top surface. Both helium and 
argon were adopted as shielding gases. A device in aluminum 
was realized with the purposes to avoid chemical reactions of 
the fused bath with the atmosphere gases, prevent exterior 
contaminations and hold up the pipes. 
Experimental tests aimed to assess the influence of welding 
speed and laser power on the characteristics of welds. 
The values of the adopted process parameters are shown in 
Table 4.  
 
 
Table 1. Chemical composition of the as-received material (weight %). 
 
 Ti Al H Fe O C V W 
Ti6Al4V Bal. 0.40 2.60 0.50 0.20 0.10 0.40 0.30 
 
 
Table 2. Mechanical properties of the as-received material: ultimate tensile 
strength (UTS), yield strength  (YS), Young module (E), elongation at break 
% ( A %), Vickers microhardness (HV). 
 
UTS 
 (MPa) 
YS  
(MPa) 
E  
(GPa) 
A% HV 
Ti6Al4V 950 880 114 14 349 
 
 
Table 3. Thermo-physical properties of the as received material: thermal 
conductivity (K), melting temperature(Tm), density (ρ). 
 K (W/(m.K)) Tm (°C) ρ (g/ cm 3) 
Ti6Al4V 6.7 1650 4.43 
 
 
The laser power (P) was kept constant to 1.2 kW and only 
the variation of welding speed (v) was considered. The welds 
were cut at the cross section perpendicularly to the welding 
direction and then, polished and etched. Keller’s reagent (1 ml 
hydrochloric acid, 1.5 ml nitric acid, 2.5 ml hydrofluoric acid 
and 95 ml water) was used to reveal the metallurgical 
structure.  
Vickers micro-hardness tests were executed with a REMET 
HX-1000 micro-hardness machine. 
 
 
Fig. 1: Geometry of the sheets and fixing system. 
 
 
The profile was detected adopting an indentation load of 
200 [gf]. Measurements were performed at the mid thickness 
of the joints and with a distance between two neighbors 
imprints of 0.25 mm. Tensile strength tests were conducted on 
rectangular specimens taken across the weld seam. The 
INSTRON 4485 tensile test machine, equipped with 
pneumatic grips and a with a load cell of 200 [kN] was used.  
A cross head speed of 0.04 [mm/min] was adopted. Two 
specimens for each welding condition were tested. The 
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mechanical properties of the welds were compared with those 
measured for the parent metal. 
Table 4. Experimental plan adopted to carry out the analysis. 
Sample  P [W]  v [mm/min] 
s1 1200 2000 
s2 1200 2250 
s3 1200 2500 
 
3. Results 
3.1. Bead appearance 
The bead appearance is shown in Figure 2. The width of 
the FZ varied approximately between 2 mm (at the bottom 
surface) and 3 mm (at the upper one). In spite of the action of 
shielding gases, oxides formed because of the reaction of the 
molten metal with the atmosphere.  
 
 
Fig.2: Bead appearance of welds at the upper (a) and bottom (b) surfaces. 
 
Figure 3 shows displays the weld transverse cross sections 
obtained using the process parameters showed in Table 4. 
Different bead shapes were achieved in function of different 
thermal inputs.  
 
 
Fig.3: Transverse cross sections for sample s1 (a), s2 (b), s3 (c). 
Low distortion was achieved and the level of porosity can 
be considered acceptable. 
Full penetration was obtained for all the welding 
conditions assessed, while HAZ and FZ width are related to 
the welding speed adopted. 
The increase of welding speed, because of the lower value 
of specific heat input transmitted, led to a reduction of the  
HAZ and FZ size. In fact sample s3 (which bead is shown in 
figure 3c) was performed with the highest value of welding 
speed and the altered zone resulted to be restricted.  
As the welding speed was reduced the extent of the altered 
zone increased and the welding bead geometry presented a 
large extent at the top surface.  
3.2. Microstructure and chemical analysis 
Figure 4 shows the microstructure of the base metal 
Ti6Al4V adopted to carry out the analysis. Both β and α phase 
are indicated in the picture. Figure 5 shows the difference in 
microstructure between the FZ and HAZ. Acicular phase 
increased in the FZ while globular phase appeared in the 
HAZ. In this zone acicular martensite phase α1 appeared 
because of the fast cooling.  
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Fig. 4.  Microstructure of the base metal. 
 
Fig. 5. Microstructure of the FZ-HAZ of sample s3 
Figure 6 was detected from the FZ of sample s1. A macro-
pore appears in the picture. This is probably due to the 
chemical reactivity of titanium with atmospheric gas and 
unstable keyhole that collapse during the process.  Finally the 
FZ of sample s3 is shown in figure 7.  
The microstructure in the weld zone is expected to 
significantly change due to re-melting and  solidification of 
metal at the temperature beyond the effective liquidus 
temperature. However fusion welding is much more complex 
due to the physical interactions between the heat source and 
the base metal. Nucleation and growth of the new grains occur 
at the surface of the base metal. The weld metal 
microstructure consists of a larger grain size whose inside 
contains parallel α cells in different orientations surrounded 
by β phase. 
 Figure 8 shows the microstructure of the FZ of sample s1 
detected through the SEM with a magnification factor of 
1000x. Acicular grains, which dimension varied from 10 to 20 
microns appeared in the FZ. The picture presents also the 
zones for which the chemical analysis was carried out through 
the EDS. 
 
 
 
Fig. 6: Microstructure of the FZ of sample s1 
 
 
Fig. 7.  Microstructure of the FZ of sample s3. 
 
 
Fig. 8. Microstructure of sample s1 detected  through SEM (1000x). 
 
Table 5 shows the chemical composition (mass%) 
achieved in the zones indicated in the picture presented in 
figure 8. The amount of Ti in the FZ was about 95% of the 
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total mass, i.e. approximately the same amount contained in 
the MB. So the loss of alloy elements is near zero.  
 
Table 5. Chemical composition of the zones indicated in figure 8 (mass %). 
ZONE % Ti % other 
1 
2 
95.2 
94.9 
4.8 
5.1 
3 94.7 5.3 
 
 
3.3. Microhardness 
The Vickers micro-hardness profile detected at the mid 
thickness in function of the distance from the welding line is 
illustrated in figure 9. As a result at the centre of the weld 
pool the maximum level of hardness was achieved. 
 
 
Fig. 9. Micro-hardness profile at the mid thickness of the cross section. 
 
The difference in hardness obtained between the weld pool 
and the parent metal was almost 200 HV. The observed 
increase in hardness during laser welding of Ti6Al4V is due 
to the high cooling rate that caused the formation of 
martensite in the weld zone. The hardness values in the HAZ 
are strongly heterogeneous and, although the HAZ in laser 
welded joints is narrow, a strong gradient is evident. 
3.4. Mechanical behavior 
Figures 10 and 11 show the histograms of the tensile 
strength (σR) and of elongation at break percentage (εb) for 
every welding condition studied. As it can be observed the 
values of mechanical resistance of welds are as large as 80% 
of those typical of the parent metal, while, as concerns the 
elongation, the values achieved are only about the 40% of 
those of the parent metal. 
Sample s2 and s3, that were performed with higher 
welding speed,  presented higher values of tensile strength. 
Therefore the weld presented a high tensile strength but the 
deformation was strongly compromised. This is due to the 
instability of the process and rapid cooling rate. In fact, the 
former led to formation of porosities, while the latter caused 
the formation of brittle structures that present high resistance 
but a low plasticity. 
 
 
Fig. 10. Average tensile strength for each welding condition. 
 
 
Fig.11. Average elongation for each welding condition. 
4. Conclusions 
In this work the laser beam welding process was performed 
to produce Ti6Al4V butt joints with a thickness of 2  
[mm]. The set-up system was designed with the purpose to 
prevent oxidation phenomena at high temperatures and 
contamination of the molten pool. The specific heat input 
varied with the different welding speed at laser power. The 
influence of welding conditions on characteristics of welds 
was investigated through inspections of the cross sections of 
samples, tensile strength tests and Vickers micro-hardness 
tests. The following conclusions can be driven. 
x The specific heat input has a strong impact on the 
welding bead shape. The increase of welding speed 
led to restricted HAZ and FZ and a conic-shaped 
bead.  
x Oxidation phenomena and contaminations can be 
prevented by adopting suitable devices and an 
accurate protection of the molten pool with shielding 
gas. 
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x The tensile strength of the specimens resulted to be 
about 80% of that of the parent metal, while the 
reduction in elongation at break resulted to be more 
substantial. 
x The rupture was brittle; thus, a post heat treatment is 
required to improve the toughness of the weld. 
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